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SUMMARY 

Pressure  and fo rces  t h a t  occur during s t a g e  s e p a r a t i o n  were meas- 
ured f o r  var ious  i n t e r s t a g e  and target conf igu ra t ions  a t  a Mach number 
of 3.5 and p res su re  a l t i t u d e s  of 145,000 and 103,000 f e e t  i n  t h e  Lewis  
10- by 10-foot  supersonic  wind tunne l .  A i r  a t  chamber p re s su res  up t o  
600 pounds pe r  square inch  abso lu te  s imulated t h e  upper-s tage-rocket  
exhaust .  The s t ing-suppor ted  boos te r  was t r a n s l a t e d  t o  s e p a r a t i o n  d i s -  
t ances  of 4 . 1  upper-stage diameters .  Hatios of boos t e r  t o  upper-stage 
diameter  were 1, 1.5, and 2 .  Dynamic boos te r  releases f r o m t h e  strut-  
suppor ted  upper s t a g e  were a l s o  made. 

A t  s m a l l  s epa ra t ion  d i s t ances ,  j e t  f low out of t h e  i n t e r s t a g e  p o r t s  
caused body boundary-layer flow sepa ra t ion  over t h e  e n t i r e  upper s t a g e .  
Misalinement of the boos te r  under these  condi t ions  r e s u l t e d  i n  reason- 
a b l y  s m a l l  upper-stage moments. Upper-stage-nozzle f low sepa ra t ion  
could a l s o  occur i f  t h e  number and t h e  open a r e a  of t h e  i n t e r s t a g e  p o r t s  
were inadequate  when t h e  boos te r  was near t h e  upper-stage base .  Nozzle 
s e p a r a t i o n  was symmetrical  i n  a l l  cases .  The in t e r s t age -por t  a r e a  could 
be  minimized without encounter ing nozzle f low sepa ra t ion  by  employing a 
l a r g e  number of i n t e r s t a g e  p o r t s  r a t h e r  t han  a s m a l l  number. During t h e  
dynamic t e s t s ,  no d iscernable  moments were imparted t o  t h e  boos te r  o r  
t h e  upper s tage .  

INTRODUCTION 

I n  o rde r  t o  maintain a t t i t u d e  con t ro l  of t h e  upper s t a g e  and t o  
avo id  l i qu id -p rope l l an t  s lo sh ing ,  upper-stage engine ope ra t ion  may be  
r equ i r ed  before  boos te r  burnout and sepa ra t ion .  The high-pressure hot  
exhaust gases  would impose severe loads on t h e  i n t e r s t a g e  hardware and 
t h e  forward end of t h e  lower-stage p rope l l an t  t anks .  Consequently, 
c a r e f u l  cons ide ra t ion  must be given t o  t h e  design of t h e  i n t e r s t a g e  
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ports and the flow deflector ( o r  target) within the interstage with the 
emphasis on minimizing the pressures and stage-interference effects. 
Arl understanding of the effect of port geometry and target shape on 
upper-stage nozzle flow, as well as on the pressures and forces affect- 
ing missile stability that are experienced by the separating stages, is 
necessary for a more rational approach to missile staging. 

Previous work in the aerodynamics of missile staging (ref. 1) has 
been limited to low altitudes and low nozzle-pressure ratio and also to 
relatively few interstage configurations. An experimental investigation 
of the aerodynamic effects of different interstage configurations on 
missile-stage separation with the upper-stage rocket operating was made 
in the Lewis 10- by 10-foot supersonic wind tunnel at a free-stream Mach 
number of 3.5 and pressure altitudes of 145,000 and 103,000 feet. Both 
controlled and dynamic separations of the two stages were investigated. 

SYMBOLS 

A area 

D  drag^ 

d upper-stage diameter 

2 distance upstream of upper-stage base 

M Mach number 

P total pressure 

p static pressure 

r radius 

S recess distance (distance from target leading edge to interstage 
leading edge) 

x separation distance (distance from upper-stage base to booster or 
interstage leading edge) 

Subscripts : 

a upper-stage afterbody 

B booster 

b base 



I c nozzle  chamber 

e nozzle  e x i t  

n nozzle  w a l l  

p i n t e r s t a g e  p o r t  

t t a r g e t  

0 f r e e  s t ream 

Super sc r ip t  : 

* nozzle  t h r o a t  

APPARATUS AND PROCEDURE 

The i n t e r s t a g e  conf igura t ions  used i n  t h i s  i n v e s t i g a t i o n  were de- 
s igned  t o  encompass t h e  range of p r a c t i c a l  geometries f o r  l a r g e  v e h i c l e s .  
Schematic drawings and instrumentat ion d e t a i l s  of t h e  t e s t  model a r e  
shown i n  f i g u r e  1, and t h e  var ious  in t e r s t age  and t a r g e t  conf igu ra t ions  
a r e  shown i n  f i g u r e  2 .  The upper s tage  was  a strut-mounted, 56.28-inch- 
long, 5-inch-diameter body wi th  a 10O-half-angle c o n i c a l  nose.  A f l e x -  
i b l e  ru-bber s e a l  between t h e  nozzle  and t h e  base  prevented f low i n t o  t h e  
inne r  c a v i t y  of t h e  upper s t a g e .  The boos ter ,  a 36-inch-long cy l inde r ,  
was sting-mounted from a sepa ra t e  support  system w i t h  p rov i s ions  f o r  
t r a n s l a t i n g  it during t h e  c o n t r o l l e d  separa t ion  t e s t s .  Three boos te r s  
having diameters of 1, 1 .5 ,  and 2 upper-stage diameters w e r e  i n v e s t i g a t e d .  
The va r ious  i n t e r s t a g e  u n i t s  provided t h e  s t r u c t u r a l  t r a n s i t i o n  from t h e  
upper s t a g e  t o  t h e  boos te r .  The forward su r faces  of  t h e  1.5- and 2- 
d i ame te r - r a t io  i n t e r s t a g e s  were 30° half-angle  t r u n c a t e d  cones.  With 
a l l  t h e  po r t ed  conf igura t ions  ( 4 ,  8, and 1 2  p o r t s ) ,  t h e  t a r g e t  w i th in  
t h e  i n t e r s t a g e  was a b lun t  cone of 45O ha l f - ang le .  
a l s o  shown i n  f i g u r e  2 a r e  t h e  s o l i d  ( o r  nonported) and t h e  open i n t e r -  
s t a g e .  The s i z e  and t h e  design of the i n t e r s t a g e  p o r t s  were based on 
unpublished experimental  da ta ,  which ind ica t ed  t h a t  t h e  p o r t  t r a i l i n g  
edge should be co inc ident  with,  r a the r  t h a n  upstream of t h e  t a r g e t  sur -  
f a c e ,  f o r  t h e  most e f f i c i e n t  vent ing  of t h e  j e t  f low. To determine t h e  
e f f e c t  of por t -a rea  d i s t r i b u t i o n  on the amount of d i scharge  a r e a  needed 
t o  ensure  unseparated nozzle flow, 4-, 8-, and 12-port  i n t e r s t a g e s  were 
i n v e s t i g a t e d .  Reductions i n  p o r t  a rea  and i n t e r s t a g e  l eng th  were made 
by moving t h e  t a r g e t  forward i n s i d e  the i n t e r s t a g e .  

Other conf igura t ions  

The open-inters tage configurat ions were i n v e s t i g a t e d  t o  determine 
t h e  i n t e r s t a g e  performance of vehic les  a t t a c h e d  by r e l a t i v e l y  t h i n  
s t r u c t u r a l  members. The i n t e r s t a g e  f a i r i n g  o r  cover s t r u c t u r e  normally 
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used f o r  s t ream p r o t e c t i o n  i s  removed i n  t h i s  concept,  thereby  r e s u l t i n g  
i n  a n  i n t e r s t a g e  of minimum l e n g t h  wi th  maximum a v a i l a b l e  vent  a r e a .  
The cover-s t ructure  weight i s  e l imina ted ,  bu t  aerodynamic b u f f e t i n g  may 
become a problem. 

A photograph of t h e  dynamic t e s t  model showing a 1 .5-d iameter - ra t io  
boos te r  a t t a c h e d  t o  t h e  upper s t a g e  i s  shown i n  f i g u r e  3 (a ) .  
s t r u t s  used i n  t h e  dynamic t e s t s  of t h e  open- in te rs tage  conf igu ra t ion  
a r e  shown i n  f i g u r e  3 ( b ) .  
po r t ion  of t h e  t e s t  was accomplished by mechanical ly  p u l l i n g  t h e  p i n  
from the  spr ing-loaded clamping r i n g .  

The f o u r  

Separa t ion  of t h e  boos t  s t a g e  i n  t h e  dynamic 

Operation of t h e  upper-stage engine was s imula ted  wi th  co ld  a i r  
pressur ized  t o  a maximum of 600 pounds p e r  square inch  abso lu te .  A noz- 
z l e  with a n  area r a t i o  of 2 5  was employed. The contour of t h e  b e l l -  
shaped nozzle ( f i g .  4 )  corresponded t o  t h a t  of a n  optimum t h r u s t  nozzle  
( r e f .  2 ) .  The nozzle  extended 0.088 upper-stage diameter beyond t h e  
base  and had a n  e x i t -  t o  base-diameter r a t i o  of 0.8. An a l t e r n a t e  noz- 
z l e ,  a t runca ted  i s e n t r o p i c  nozzle  ( r e f .  3 ) ,  was a l s o  used f o r  a l i m i t e d  
number of i n t e r s t a g e  conf igu ra t ions .  This  nozzle  ( s e e  f i g .  4 )  w a s  de- 
s i g n e d t o  g ive  uniform para l le l .  e x i t  f low a t  a n  area r a t i o  of 46.7 and 
w a s  cut  o f f  a t  an  area r a t i o  of 25 .  Addi t iona l  design d e t a i l s  a r e  g iven  
i n  re ference  4.  

The upper s t a g e  was inst rumented wi th  s t a t i c - p r e s s u r e  o r i f i c e s  on 
t h e  base, a f te rbody su r face ,  and ( f o r  f o r c e  data reduct ion)  i n s i d e  t h e  
body opposite t h e  s t r u t  opening. Two rows of s t a t i c - p r e s s u r e  t a p s  were 
i n s t a l l e d  d i ame t r i ca l ly  oppos i te  each o t h e r  ( t o p  and bottom) on t h e  in -  
t e r n a l  su r f ace  of t h e  nozz le .  Forces  on t h e  s h e l l  excluding t h e  nozzle  
were measured by a three-component, e l e c t r i c ,  s t r a i n  gage ba lance .  A 
similar balance system w a s  used t o  measure t h e  f o r c e s  on t h e  i n t e r s t a g e  
and boos ter  u n i t .  S t a t i c -p res su re  o r i f i c e s  were l o c a t e d  ac ross  t h e  sur- 
f a c e  of t h e  t a r g e t .  Upper-stage p i t c h i n g  moments were computed about 
t h e  body midpoint, and moment c o e f f i c i e n t s  were based on t h e  body l e n g t h  
and c ross - sec t iona l  area. The abso lu te  magnitude of t h e  moment c o e f f i -  
c i e n t s  was l i m i t e d  i n  accuracy t o  kO.1; however, t h e  r e l a t i v e  accuracy 
between da ta  p o i n t s  was rl.O.01. 

During t h e  dynamic p o r t i o n  of t h e  t e s t ,  upper-s tage f o r c e s  were re- 
corded on osc i l l og raph  t r a c e s ,  and each s e p a r a t i o n  was photographed by 
a high-speed motion-picture  camera. 

The i n v e s t i g a t i o n  w a s  conducted a t  a Mach number of 3.5 and  a pres-  
su re  a l t i t u d e  of approximately 145,000 f e e t  wi th  chamber p re s su res  of 
150, 300, and 600 pounds pe r  square inch  abso lu te .  Limited da ta  were 
a l s o  obtained at a Mach number of 3.5 a t  a n  a l t i t u d e  of 103,000 f e e t  and 
i n  quiescent a i r  a t  s e a  l e v e l .  
p l i shed  by t r a n s l a t i n g  t h e  sting-mounted boos te r  over a range of 

Cont ro l led  sta.ge s e p a r a t i o n  was accom- 
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d i s t ance  up t o  4 . 1  upper-stage diameters with t h e  j e t  i n  continuous op- 
e r a t i o n .  For t h e  dynamic tes ts ,  a chamber p re s su re  of 600 pounds p e r  
square inch  abso lu te  was employed. 

RESULTS ANT DISCUSSION 

The da ta  presented  f a l l  i n  two general  ca t egor i e s :  (1) steady- 
s t a t e  p re s su re  and f o r c e  measurements obtained by c o n t r o l l e d  sepa ra t ion  
of t h e  boos te r ,  and ( 2 )  t r a n s i e n t  data  obta ined  dur ing  a c t u a l  r e l e a s e s  
of t h e  s imulated boos te r  from t h e  upper s t a g e .  Unless otherwise s t a t e d ,  
a l l  data shown were obta ined  wi th  t h e  bel l -shaped nozzle .  

Cont ro l led  Separat ion Tests 

E f f e c t s  of upper-stage j e t  discharge on f ree-s t ream flow. - Most of 
t h e  data were obtained a t  a pressure  a l t i t u d e  of 145,000 f e e t .  Limited 
data were taken  a t  103,000 f e e t  t o  determine a l t i t u d e  e f f e c t s  and f o r  
b e t t e r  v i s u a l  f low d e f i n i t i o n .  This  comparison i s  shown i n  t h e  s c h l i e -  
ren  photographs ( f i g .  5) and by t h e  upper-stage s t a t i c - p r e s s u r e  d i s t r i -  
bu t ions  ( f i g .  6 ) .  With t h e  boos te r  close t o  t h e  upper s t a g e ,  t h e  j e t  
exhaust ing through t h e  i n t e r s t a g e  ports induced severe  boundary-layer 
s epa ra t ion  on t h e  upper s t a g e .  A t  t he  lower a l t i t u d e ,  flow-angle meas- 
urements ( f i g .  5(a))  and af te rbody s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  ( f i g .  
6( a )  ) i n d i c a t e d  t h i s  s epa ra t ion  extended about 4 upper-stage diameters  
forward of t h e  base.  A s  t h e  boos te r  was t r a n s l a t e d  downstream, t h e  
po in t  of f low sepa ra t ion  moved off  t h e  body a t  some s t a g i n g  d i s t ance  
x/d 
or s t a t i c  pressures  of f i g .  6 ( a ) ) .  
t h i s  f low sepa ra t ion  was reduced as nozzle chamber p re s su re  was de- 
creased.  A t  a chamber p re s su re  of 150 pounds p e r  square inch  abso lu te  
and 
las t  s t a t i c - p r e s s u r e  o r i f i c e  ( f i g .  6 ( a ) ) .  
t h e  photographed s e p a r a t i o n  cone of f igu re  5(a> was caused by t h e  
mounting-strut  wake. 

between 0 . 2  and 0.8 ( s e e  second and t h i r d  photographs of  f i g .  5(a) 
As would be expected, t h e  ex ten t  of 

x/d = 0 . 2 ,  t h e  l ead ing  edge of t h i s  reg ion  w a s  downstream of t h e  
The asymmetry apparent  i n  

The reg ion  of boundary-layer separa t ion  on t h e  upper s t a g e  w a s  much 
more ex tens ive  a t  145,000 feet  than  a t  t h e  lower a l t i t u d e .  
s e p a r a t i o n  was c l e a r l y  def ined  wi th in  the  area of t h e  s c h l i e r e n  window 
a t  103,000 f e e t  ( f i g .  5 ( a ) ) ,  while  at the  higher  a l t i t u d e  t h i s  reg ion  
extended beyond t h e  a r e a  encompassed by t h e  photographs ( f i g .  5 ( b ) ) .  
Because of t h e  low dens i ty ,  t h e  separated reg ion  w i t h i n  t h e  photographed 
area cannot be c l e a r l y  seen.  
1, 3, and  5 of f i g .  5 ( b ) )  t h e  f low separa t ion  engul fed  t h e  e n t i r e  upper 
s t a g e .  
6 ( b )  ) i nc reased  wi th  higher  chamber pressures ,  which i n d i c a t e d  t h a t  t h e  
shock cone angle  enc los ing  t h e  reg ion  o f  s epa ra t ed  f low was s teepening .  

The flow 

For  c lose s t ag ing  d i s t ances  (photographs 

x/d = 0 . 2  ( f i g .  The upper-stage a f te rbody s t a t i c  p re s su res  a t  
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This can occur only if t h e  sepa ra t ed  reg ion  has moved forward t o  t h e  t i p  
of t h e  body. 
t h e  rearward movement of t h e  p o i n t s  of i n c i p i e n t  s e p a r a t i o n  w i t h  i n -  
c reased  s t a g e  sepa ra t ion  d i s t ance .  A t  
su re s  ind ica t ed  f low s e p a r a t i o n  only a t  t h e  maximum chamber p re s su re  of 
600 pounds pe r  square inch  abso lu te .  

Photographs 1 and 2 o r  3 and 4 of f i g u r e  5 ( b )  i l l u s t r a t e  

x/d = 0.8, the a f t e rbody  pres-  

As  a r e s u l t  of t h e  upper s t a g e  being enclosed i n  a reg ion  of sepa- 
r a t e d  flow, l a r g e  d e s t a b i l i z i n g  moments were no t  encountered w i t h  t h e  
boos te r  misa l ined  behind t h e  upper s t a g e .  
by pos i t ion ing  t h e  boos te r  l ead ing  edge below t h e  Oo angle-of -a t tack  
upper s t age  wi th  t h e  boos te r  a t  5O ang le  of a t t a c k .  Under t h e s e  condi- 
t i o n s  a misalinement of 0.4 upper-stage diameter a t  t h e  minimum separa-  
t i o n  d is tance  produced d e s t a b i l i z i n g  moment c o e f f i c i e n t s  on t h e  upper 
s t a g e  of about 0.4. With bo th  s t ages  a l i n e d  and a t  5 O  ang le  of a t t a c k ,  
a s t a b i l i z i n g  moment c o e f f i c i e n t  of about 0 . 2  w a s  obtained.  Although 
t h e r e  was cons iderable  s c a t t e r  i n  t h e  measured moments, t h e r e  d i d  not  
appear t o  be  any c o n s i s t e n t  v a r i a t i o n  w i t h  chamber p re s su re .  When it 
w a s  a s sumed tha t  the  upper s t a g e  of a veh ic l e ,  such as t h e  Thor-Agena By 
separated at t h e  same Mach number and a l t i t u d e  as t h e  t e s t  model and 
experienced a d e s t a b i l i z i n g  moment c o e f f i c i e n t  of 0.4 upon sepa ra t ion ,  
a rough c a l c u l a t i o n  i n d i c a t e d  t h a t  a motor gimbal ang le  of only 20 would 
counteract  t h e  induced moment. 

Misalinement w a s  accomplished 

6 

Upper-stage base  p re s su res .  - The e f f e c t  of i n t e r s t a g e - p o r t  area on 
upper-stage base  p re s su res  i s  shown i n  f i g u r e  7 ( a ) .  Data are p resen ted  
for t h e  4-port  i n t e r s t a g e  on a 1 .5-d iameter - ra t io  boos t e r  a t  t h e  small- 
e s t  s tage sepa ra t ion  d i s t ance  t e s t e d  ( i  .e .  , x/d = 0.025). 
p o r t  area from approximately f i v e  t o  two nozz le-ex i t  a r e a s  produced a 
l a r g e  increase  i n  base  p re s su re .  With t h e  p o r t  a r e a  he ld  cons tan t  ( a  
f ixed- length  i n t e r s t a g e ) ,  i nc reas ing  t h e  number of p o r t s  from 4 t o  1 2  
( f i g .  7 (b ) )  reduced t h e  base  p re s su re .  
t h a t  s t i l l  lower base  p re s su re  could be  obta ined  by us ing  more t h a n  1 2  
p o r t s .  Thus, a n  i n t e r s t a g e  of many p o r t s  s epa ra t ed  by s m a l l  webs or 
s t r u t s  is b e t t e r  able t o  relieve t h e  j e t  f low than  one having t h e  same 
p o r t  area d i s t r i b u t e d  i n t o  a few p o r t s  wi th  l a r g e  webs, which t h e  j e t  
f low must n e g o t i a t e .  The t r e n d  of lower base  p re s su re  wi th  more p o r t s  
would not be  expected t o  cont inue i n d e f i n i t e l y  because t h e  p o r t  f low 
c o e f f i c i e n t  decreases  as t h e  p o r t  s i z e  decreases .  The base  p re s su re  
a l s o  va r i ed  cons iderably  wi th  t h e  chamber p re s su re  r a t i o ;  t h e  l a r g e s t  
increases  occurred a t  t h e  smallest p o r t  a r e a .  

Decreasing t h e  

The s lope  of t h e  curves i n d i c a t e  

The e f f e c t  of p o r t  geometry on t h e  base  p re s su re  diminished r a p i d l y  
wi th  increas ing  s t a g e  sepa ra t ion  d i s t ance .  This  r e l a t i o n  i s  i l l u s t r a t e d  
i n  f igure  8 wi th  t h e  4-port  i n t e r s t a g e  conf igu ra t ions  i n  which t h e  po r t -  
area r a t i o  
t h e  maximum and minimum values  of base  p re s su re  obta ined  wi th  t h e  po r t ed  

Ap/Ae = 2.02  and 5.01. These two conf igu ra t ions  produced 

I 
t ype  of i n t e r s t a g e .  The r a t i o  of base p res su re  t o  f ree-s t ream s t a t i c  I 
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pres su re  i s  presented  as a func t ion  of s epa ra t ion  d i s t ance  f o r  upper- 
s t a g e  rocke t  chamber pressures  of 600 pounds p e r  square inch  abso lu te .  
The v a r i a t i o n  of base  pressure  wi th  s taging d i s t a n c e  f o r  t h e  po r t ed  
conf igura t ions  w a s  almost i d e n t i c a l  beyond x/d = 0.8. A t  x/d g r e a t e r  
t han  1 . 6 ,  t h e  base pressure  was constant f o r  a l l  conf igura t ions  except 
t h e  f l a t  t a r g e t .  
b lunt-cone t a r g e t  were expected t o  represent  t h e  extreme cases  i n  terms 
of conf igu ra t ion  e f f e c t s  on t h e  base  pressure.  Measurements on a l l  
po r t ed  i n t e r s t a g e s  showed base  pressures  t h a t  were between t h e s e  ex- 
t remes.  

The t r e n d s  and l e v e l s  ob ta ined  wi th  t h e  f l a t  and 

The e f f e c t  of boos t e r  diameter on upper-stage base p res su res  i s  
presented  i n  f i g u r e  9 as a func t ion  o f t h e  s t a g e  sepa ra t ion  d i s t ance .  
With j e t - o f f  s t ag ing  ( f i g .  9 ( a ) ) ,  base p re s su res ,  as expected, v a r i e d  
wi th  boos te r  diameter;  t h e  2-diameter-rat io  boos t e r  produced base pres-  
s u r e  r a t i o s  approximately 0 .7  above those obta ined  wi th  t h e  1-diameter- 
r a t i o  b o o s t e r .  With je t -on  s t ag ing  ( f i g .  9 ( b ) ) ,  base-pressure l e v e l s  
a r e  p r i m a r i l y  a f f e c t e d  f o r  s t ag ing  d is tances  as l a r g e  as 1 . 6  upper- 
s t a g e  diameters .  The exact  cont r ibu t ion  of t h e  boost’er diameter ,  how- 
ever ,  cannot be determined from t h e  f i g u r e  because t h e  i n t e r s t a g e - p o r t  
area, which g r e a t l y  a f f e c t s  t h e  base  pressure,  i s  d i f f e r e n t  f o r  each 
boos te r  diameter. 

Nozzle flow p a t t e r n s .  - Both nozzles used i n  th i s  i n v e s t i g a t i o n  had 
i d e n t i c a l  area r a t i o s  and  w a l l  angles  a t  t h e  nozzle  e x i t  ( f i g .  4 )  and 
were designed by techniques in tended  t o  provide i s e n t r o p i c  f low.  The 
b e l l  nozzle ,  however, w a s  about 15 percent s h o r t e r  t h a n  t h e  t r u n c a t e d  
i s e n t r o p i c  nozzle and had a maximum w a l l  expansion angle  of 29.3O as 
compared wi th  a n  angle  of 23.1° f o r  the  longe r  nozz le .  I n  two- 
dimensional wind tunne l  nozzle  design,  t h e  a t ta inment  of i s e n t r o p i c  
f low i s  l i m i t e d  by a maximum nozzle-wall ang le  of 1 / 2  VE, where 
t h e  Prandtl-Meyer angle  f o r  t h e  nozzle-exi t  Mach number ( r e f .  5 ) .  Over- 
t u r n i n g  of t h e  f low occurs i f  t h i s  angle i s  exceeded. 
dimensional ly ,  t h i s  maximum angle  is  not r e a d i l y  amenable t o  c a l c u l a t i o n  
and fur thermore depends on t h e  p a r t i c u l a r  f low assumptions made. 
example, when r a d i a l  f low downstream of t h e  nozzle  t h r o a t  ( r e f .  6 )  was 
assumed, t h e  maximum angle  (1/4 YE) was c a l c u l a t e d  t o  be 20.9O f o r  t h e  
nozzles  of t h i s  r e p o r t .  The s c h l i e r e n  photographs of t h e  t r u n c a t e d  
i s e n t r o p i c  nozzle w i t h  a n  expansion angle of 2 3 . 1 O  ( f i g .  l O ( a ) ) ,  how- 
ever ,  show e s s e n t i a l l y  i s e n t r o p i c  flow emanating from t h e  nozzle .  I n  
t h e  case  of t h e  b e l l  nozzle ,  t h e  maximum ang le  appears  t o  have been ex- 
ceeded because of t h e  shock s t r u c t u r e  shown i n  t h e  s c h l i e r e n  photograph 
of f i g u r e  1 0 ( b ) .  
i d e n t i c a l  contour of t h e  b e l l  nozzle  of th is  r e p o r t ,  produced similar 
shock p a t t e r n s .  

\/E i s  

Three- 

For 

The s h o r t  i s e n t r o p i c  nozzle of r e fe rence  7 ,  wi th  t h e  

A s  i l l u s t r a t e d  i n  f i g u r e  10( e ) ,  the f low p a t t e r n  of t h e  b e l l  nozzle  
was changed considerably when t h e  booster  was r e l a t i v e l y  c l o s e  t o  t h e  
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upper s tage .  This p a t t e r n  (observed wi th  a l l  boos t e r  conf igu ra t ions )  
was caused by t a r g e t  sur face  p re s su res  of s u f f i c i e n t  magnitude t o  f e e d  
forward i n t o  t h e  low-energy j e t  core .  Since t h i s  change i n  f low p a t -  
t e r n s  was r e f l e c t e d  i n  t h e  boos te r  p re s su res  and f o r c e s ,  it appears  
t h a t  the nozzle  type  ( o r  contour)  can cons iderably  a f f e c t  t h e  i n t e r s t a g e  
flow c h a r a c t e r i s t i c s  during t h e  s t a g i n g  sequence. 

E f f e c t s  of Configurat ion on Nozzle Flow 

Separat ion of t h e  upper-stage nozzle  f low occurred f o r  some of t h e  
i n t e r s t a g e  conf igura t ions  wi th  t h e  boos te r  c lose  t o  t h e  upper s t a g e .  
Examples of t h e  separa- t ion c h a r a c t e r i s t i c s  wi th  t h e  s t a g e s  a l i n e d  and 
at 00 angle of a t t a c k  are shown i n  f i g u r e  11. Data are a l s o  shown f o r  
t h e  boos te r  being misa l ined  0.4 upper-s tage diameter and a t  a 5O ang le  
of a t t a c k  r e l a t i v e  t o  t h e  upper s t a g e .  
a r a t i o n  w a s  symmetrical. A l s o  pressure  o s c i l l a t i o n s  measured nea r  t h e  
nozz le-ex i t  were less  than  0 .1  percent  of t h e  chamber p re s su re .  Re- 
ducing t h e  sepa ra t ion  d i s t ance  ( i n  t h i s  case, t h e  d i s t ance  between t h e  
nozzle  e x i t  plane and t h e  t a r g e t  lead ing  edge) from 
changed the  nozzle flow from f u l l  f lowing t o  sepa ra t ed  f low a t  a n  a r e a  
r a t i o  G f  8. 

I n  a l l  cases  t h e  nozzle  f low sep- 

x/d = 0.39 t o  0.19 

The e f f e c t  of i n t e r s t age -por t  a r e a  on t h e  s t a g e  s e p a r a t i o n  d i s t ance  
a t  which nozzle  flow sepa ra t ion  occurred i s  p resen ted  i n  f i g u r e  12 (a> .  
Data are  shown f o r  t h e  1 .5-d iameter - ra t io  boos t e r  wi th  4 p o r t s ,  wi th  no 
p o r t s ,  and f o r  t h e  open- in te rs tage ,  f l a t -  and b lunt -cone- ta rge t  config-  
u ra t ions .  With a po r t - a rea  r a t i o  of 3 . 9  o r  g r e a t e r ,  nozzle  s e p a r a t i o n  
d i d  not occur.  A s  p o r t  area w a s  reduced from 3 .9  nozz le-ex i t  a r e a s ,  t h e  
nozzle  remained sepa ra t ed  out t o  p rogres s ive ly  g r e a t e r  s t a g e  s e p a r a t i o n  
d is tances .  With t h e  p o r t  area reduced t o  2 e x i t  a r e a s ,  t h e  nozzle  r e -  
mained separa ted  u n t i l  t h e  boos te r  was t r a n s l a t e d  downstream 0 . 1 7  upper- 
s t a g e  diameter; and wi th  t h e  nonported i n t e r s t a g e ,  t h e  nozzle  remained 
separated u n t i l  a d i s t ance  of 0 .42  upper-stage diameter  w a s  reached.  

The importance of t a r g e t  shape on nozzle  s e p a r a t i o n  i s  i l l u s t r a t e d  
by t h e  curves f o r  t h e  open- in te rs tage ,  f l a t -  and blunt-cone-target  con- 
f i g u r a t i o n s  ( f i g .  1 2 ( a ) ) .  The flow areas f o r  t h e  two t a r g e t s  were as- 
sumed t o  be t h e  annular  a r e a s  from t h e  nozz le-ex i t  per iphery  perpendic- 
u l a r  t o  t h e  t a r g e t .  The f l a t  t a r g e t  caused t h e  nozzle  t o  remain sepa- 
rated out t o  x/d = 0.35 while  p re sen t ing  a p e r i p h e r a l  f low area t o  t h e  
nozzle  of 1 . 3 2  nozz le-ex i t  areas. With t h e  l ead ing  edge of t h e  b lun t -  
cone t a r g e t  a t  t h e  nozzle-exi t  plane,  t h e  nozzle  f low d i d  not  s epa ra t e  
although t h e  f low area available was only  0.61 of t h e  nozz le-ex i t  area. 
This area,  a l though much less  than  t h a t  of t h e  va r ious  po r t ed  configu- 
r a t i o n s ,  i s  much more e f f i c i e n t  because t h e  j e t  f low i s  not  fo rced  t o  
negot ia te  l a r g e  web s t r u c t u r e s  i n  e x i t i n g  from t h e  i n t e r s t a g e  r eg ion .  
Thus, using only s t r u c t u r a l  members of minimum c r o s s - s e c t i o n a l  area t o  



I 
connect t h e  upper s t a g e  t o  t h e  blunt-cone-target  boos t e r  a l lows  mini- 
mizing t h e  i n t e r s t a g e  l eng th .  Such an i n t e r s t a g e  ms i n v e s t i g a t e d  dur- 
ing  t h e  dynamic po r t ion  of t h e  t e s t  without any i n d i c a t i o n  of nozzle  
flow sepa ra t ion  al though t h e  f low a rea  was s l i g h t l y  sma l l e r  t h a n  t h a t  
of t h e  c o n t r o l l e d  sepa ra t ion  model due t o  t h e  connect ing s t r u c t u r a l  mem- 
be r s  o r  s t r u t s .  

A change i n  t h e  d i s t r i b u t i o n  of the i n t e r s t a g e - p o r t  area by in-  

For 
c reas ing  t h e  number of p o r t s  a l s o  permit ted t h e  p o r t  a r e a  (and  i n t e r -  
s t a g e  l e n g t h )  t o  be reduced without inducing nozzle  sepa ra t ion .  
example, a 4-port  conf igura t ion  required a p o r t  area of 3.9 nozz le-ex i t  
areas t o  opera te  without nozzle separa t ion  a t  t h e  minimum s t a g i n g  d is -  
t ance  ( f i g .  1 2 ( b ) ) ,  whereas wi th  an  8-port conf igu ra t ion  a n  area of on ly  
2.02 nozz le-ex i t  a r e a s  i n  a s h o r t e r  i n t e r s t age  achieved t h e  same re-  
sults. The s lope  of t h e  curves ind ica t e  t h a t  by adding more p o r t s  s t i l l  
smal le r  p o r t  a r eas  could be used. Addit ional  data presented  i n  f i g -  
ure  1 2 ( b ) ,  obtained wi th  t h e  a l t e r n a t e  ( t r u n c a t e d  i s e n t r o p i c )  upper- 
s t a g e  nozzle ,  show t h a t  nozzle contour has a l a r g e  e f f e c t  on t h e  amount 
of i n t e r s t a g e - p o r t  a r e a  needed. A s  the data i n d i c a t e ,  t h e  a l t e r n a t e  
nozzle  r equ i r ed  more t o t a l  po r t  area for unseparated f low t h a n  t h e  o r ig -  
i n a l  nozzle  d id .  

I n t e r s t a g e  t a r g e t  p re s su res .  - The p res su re  p r o f i l e s  ob ta ined  a t  
var ious  sepa ra t ion  d i s t ances  on a blunt-cone t a r g e t  w i th in  a 4-port  in -  
t e r s t a g e  are presented  i n  f i g u r e  13 for  chamber p re s su res  of 600, 300, 
and 150 pounds p e r  square inch  absolu te .  The shape of t h e s e  p r o f i l e s  
i s  t y p i c a l  of t hose  obta ined  wi th  a l l  por ted  conf igu ra t ions .  Because 
of t h e  s t agna t ing  e f f e c t  of t h e  webs near t h e  t a r g e t  per iphery ,  t h e  cor- 
responding pressures  were h igher  t han  those i n  t h e  p o r t  p lane .  A t  sep- 
a r a t i o n  d i s t ances  less than  x/d = 0.8, t h i s  p e r i p h e r a l  p re s su re  a t  t h e  
web w a s  t h e  h ighes t  p re s su re  on t h e  t a r g e t ,  b u t  a t  moderate d i s t ances  
( e . g . ,  x/d = 1 . 6 )  t h e  peak pressure  occurred a t  t h e  t a r g e t  c e n t e r .  This  
change i n  pressure  d i s t r i b u t i o n  was assoc ia ted  w i t h  t h e  change i n  flow 
descr ibed  e a r l i e r .  I n  genera l ,  t h e  pressure r a t i o  pt/Pc was independ- 
en t  of chamber p re s su re .  

Pressure  p r o f i l e s  ac ross  t h e  surface of t h e  blunt-cone t a r g e t  wi th  
t h e  open i n t e r s t a g e  are presented  i n  f igu re  14 .  
p r o f i l e s  w a s  due t o  a s l i g h t  misalinement of t h e  boos te r .  Target  pro- 
f i l e s  ( f i g .  14( a )  ) were changed considerably when t h e  a l t e r n a t e  (trun- 
ca ted  i s e n t r o p i c )  nozzle  was used i n  the  upper s t a g e  ( f i g .  1 4 ( b ) ) .  This  
change d i d  not s i g n i f i c a n t l y  a f f e c t  the level  of boos t e r  drag or t h e  
peak t a r g e t  pressure  obtained.  The corresponding l o c a l  hea t ing  r a t e s  on 
a t a r g e t ,  however, may be a f f e c t e d  by  the  change i n  p re s su re  p r o f i l e s .  

The asymmetry of t h e  

Although t h e  gene ra l  shape of pressure p r o f i l e s  on t h e  t a r g e t  was 
independent of p o r t  geometry, t h e  pressure l e v e l s  were no t .  This  i s  
shown i n  f i g u r e  15 where peak t a r g e t  pressures  of p r o f i l e s  s i m i l a r  t o  
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t h o s e  of f i g u r e  13 a r e  p re sen ted  f o r  v a r i a t i o n s  of por t -a rea  r a t i o  and 
d i s t r i b u t i o n  as a func t ion  of s epa ra t ion  d i s t ance .  The s t e p  change i n  
t h e  curves presented  were aga in  an  e f f e c t  of t h e  p rev ious ly  mentioned 
nozzle-f low-pat tern change. It was noted  during t h e  t e s t  t h a t  t h e  noz- 
z l e  f l o w  p a t t e r n  could change a t  any po in t  over a s h o r t  range of sepa- 
r a t i o n  d i s t ances  f o r  any p a r t i c u l a r  conf igu ra t ion .  The l o c a t i o n  of t h e  
s t e p  changes shown were obta ined  by r e t r a c t i n g  t h e  boos te r  from t h e  
upper s tage  a t  a uniform speed. The h ighes t  l e v e l  of t a r g e t  p re s su re  
occurred not  a t  t h e  minimum s e p a r a t i o n  d i s t ance  bu t  immediately af ter  
t h e  nozzle-flow-pattern change. These peaks ( f i g .  15( a ) ) ,  a n  e f f e c t  of 
nozzle  contour and i n t e r s t a g e  geometry, were h ighe r  f o r  t h e  l a r g e r  p o r t  
areas ( longer  i n t e r s t a g e s ) .  
nozz le-ex i t  areas, maximum t a r g e t  p re s su res  were about  18 percent  of 
j e t  t o t a l  p ressure ,  while  f o r  p o r t  a r e a s  of about 2 t o  3 exi t  areas, 
t h e  pressures  were approximately 6 percent .  
dis tance,  t h e  l a r g e s t  p o r t  area tes ted  ( i . e . ,  Ap/Ae = 5.01), produced 
t h e  lowest peak p res su re ,  pt/Pc = 0.039. Decreasing t h e  p o r t  area t o  
3.9 nozzle-exi t  areas inc reased  t h e  peak p res su re  a t  t h e  minimum sepa- 
r a t i o n  d i s t ance  t o  5 .9  percent  of chamber t o t a l  p re s su re .  F u r t h e r  de- 
c reases  i n  po r t  a r e a  had l i t t l e  e f f e c t  a t  minimum s e p a r a t i o n  d i s t a n c e .  

For p o r t  areas of approximately 4 t o  5 

A t  t h e  minimum s e p a r a t i o n  

Increasing t h e  number of i n t e r s t a g e  p o r t s  ( 4 ,  8, t o  1 2 )  while  main- 
t a i n i n g  a constant  p o r t  area ( f i g .  1 5 ( b ) )  decreased t h e  peak t a r g e t  
pressures  both  be fo re  and  a f t e r  t h e  nozzle-f low-pat tern change. 
minimum s t a g e  sepa ra t ion  d i s t ance ,  t h i s  p re s su re  was reducc3 from 5.6 
t o  3.8 percent  of chamber t o t a l  p re s su re  as a result of t h e  smaller 
f low s tagnat ion  reg ions  produced by t h e  narrower webs. 
t h e  web a rea ,  i l l u s t r a t e d  i n  f i g u r e  1 5 ( b )  by t h e  open- in te rs tage  con- 
f i g u r a t i o n ,  reduced peak p res su res  be fo re  t h e  shock change, whereas 
af ter  the change t h e y  were about t h e  same as those  obta ined  f o r  t h e  12- 
p o r t  conf igura t ions .  

A t  t h e  

El imina t ion  of 

Booster drag. - Booster drag parameters f o r  a l l  conf igu ra t ions  
t e s t e d  are presented  i n  f i g u r e  1 6  as a func t ion  of s t a g e  s e p a r a t i o n  d i s -  
t ance .  The s t e p  changes i n  t h e  curves shown a r e  a r e s u l t  of changes i n  
t a rge t -p re s su re  p r o f i l e s  produced by t h e  two d i f f e r e n t  nozzle  f low p a t -  
t e r n s  i l l u s t r a t e d  i n  f i g u r e  10. 
i n  f igu re  16,  no cons i s t en t  t r e n d  w i t h  conf igu ra t ion  o r  chamber p re s su re  
was observed, and t h e  s t e p  changes shown i n  t h e s e  cases  r ep resen t  t h e  
l i m i t s  between which t h e  nozzle-f low-pat tern changes occurred.  The 
boos ter  drags obta ined  f o r  a l l  po r t ed  i n t e r s t a g e  conf igu ra t ions  tes ted  
w i t h  the 1 .5-d iameter - ra t io  boos t e r  ( f i g .  1 6 ( a ) )  were conta ined  wi th in  
a range s t a r t i n g  a t  a drag parameter of 1 .65  t o  1 . 9  a t  
creasing t o  a range of 0.32 t o  0.44 a t  a s e p a r a t i o n  d i s t a n c e  of 3 . 2  
upper-stage diameters .  The one except ion,  t h e  4-port  i n t e r s t a g e  wi th  a 
p o r t  area of 5.01 nozz le-ex i t  a r e a s ,  produced drag parameters i n i t i a l l y  
about  0 .5  lower than  t h e  o the r  po r t ed  i n t e r s t a g e  conf igu ra t ions .  A f t e r  
t h e  nozzle-flow-pattern change, t h e  drag f o r  t h i s  conf igu ra t ion  w a s  

Where t h e  data are p resen ted  as bands 

x/d = 0 and de- 
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c o n s i s t e n t  wi th  t h a t  produced by  the other  conf igu ra t ions .  
drags obta ined  f o r  po r t ed  i n t e r s t a g e  conf igura t ions  wi th  t h e  a l t e r n a t e  
nozzle  i n  t h e  upper s t a g e  ( d a t a  not  presented)  were e s s e n t i a l l y  t h e  
same as t h e  values  obta ined  wi th  the bel l -shaped nozzle .  The only d i f -  
fe rence  vas t h e  absence of t h e  s t e p  changes shown i n  f i g u r e  1 6 .  

The boos te r  

The open- in te rs tage ,  blunt-cone-target  conf igu ra t ions  had cons i s t -  
e n t l y  lower drags than  any o the r  conf igura t ion  except  a t  a s e p a r a t i o n  
d i s t ance  of 0.09 upper-stage diameter i n  t h e  case  of t h e  Z-diameter- 
r a t i o  boos t e r  ( f i g .  1 6 ( c ) ) .  
as a result  of reducing t h e  area ava i l ab le  t o  t h e  e x i t i n g  j e t  flow t o  
about one-half t h e  nozz le-ex i t  a r e a .  

I n  t h i s  ins tance ,  l a r g e r  drag w a s  ob ta ined  

The gene ra l  level of t h e  drag obtained wi th  f l a t - t a r g e t  configura-  
t i o n s  inc reased  wi th  inc reas ing  booster diameter .  For t h e  1.5- and 2- 
d i ame te r - r a t io  boos t e r s ,  t h e  f l a t  t a r g e t s  produced c o n s i s t e n t l y  h igher  
drags t h a n  any o the r  conf igura t ion .  
t e s t e d  wi th  t h e  f l a t - t a r g e t  conf igura t ion  was l i m i t e d  t o  t h a t  shown i n  
f i g u r e  1 6  by nozzle  sepa ra t ion .  

The minimum sepa ra t ion  d i s t ance  

One of t h e  primary f a c t o r s  a f f e c t i n g  t h e  boos te r  drag and a l s o  t h e  
upper-stage-base p re s su re  was t h e  shape of t h e  t a r g e t  upon which t h e  
j e t  impinged. As  shown i n  f i g u r e  1 7 ,  t h e  t a r g e t  shape determined t h e  
ang le  z t  which t h e  j e t  f low w% discharged from t h e  i n t e r s t a g e  a r e a .  
With t h e  blunt-cone t a r g e t  ( f i g .  17(a)), t h e  j e t - f low d ischarge  ang le  
w a s  somewhat g r e a t e r  t han  t h e  cone angle of t h e  t a r g e t ,  which r e s u l t e d  
i n  t h e  sma l l e s t  boos t e r  drag and upper-stage-base p re s su re  measurements 
ob ta ined  ( f i g s .  1 6  and 8 ) .  
s t a g e  wi th  a t t endan t  i n t e r f e r e n c e s  caused i n c r e a s e s  i n  both t h e  boos te r  
drag and base p re s su re .  The l a r g e s t  forces  were obta ined  wi th  t h e  f l a t  
t a r g e t  because,  as i l l u s t r a t e d  i n  f igu re  17 (b ) ,  t h e  j e t  f low w a s  t u rned  
more t h a n  900 and discharged from t h e  i n t e r s t a g e  reg ion  i n  a n  upstream 
d i r e c t i o n .  

The addi t ion  t o  t h i s  t a r g e t  of a n  i n t e r -  

A v a r i a t i o n  i n  a l t i t u d e  from145,OOO t o  103,000 feet  ( f i g .  18) had 
l i t t l e  e f f e c t  on t h e  l e v e l  of boos te r  drag; t h e  average d i f f e r e n c e  i n  
drag parameter was about 0.04 although t h e  rocke t  p re s su re  r a t i o  v a r i e d  
from 860 t o  4670 percent  of design pressure r a t i o .  Booster drag ob- 
t a i n e d  i n  quiescent  a i r  a t  sea l e v e l  was g r e a t l y  d i f f e r e n t  from t h e  
f o r c e  obta ined  a t  t h e  h igher  a l t i t u d e ;  it was less  than  one-half t h e  
va lue  a t  c lose  s t a g e  sepa ra t ion  d is tances .  The nozzle  p re s su re  r a t i o  
a t  sea l e v e l  was only 7 . 7  percent  of design p res su re  r a t i o .  
ua t ions  of i n t e r s t a g e  f o r c e s  and pressures  made from sea - l eve l ,  
qu ie scen t - a i r  data ( w i t h  the nozzle  overexpanded) would not be a p p l i -  
cab le  a t  t h e  a l t i t u d e  of a c t u a l  s taging.  

Thus eva l -  
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Dynamic Tests 

During t h e  dynamic t e s t  phase,  successf-d.  s t a g e  s e p a r a t i o n  sr';tc 
achieved wi th  a l l  conf igura t ions .  No d e s t a b i l i z i n g  f o r c e s  on t h e  boos te r  
were discernable  on any of t h e  r e l e a s e s ,  and none were recorded on t h e  
upper s tage.  Se lec t ed  frames from t h e  high-speed fi lm of one of t h e  re- 
l e a s e s  are  shown i n  f i g u r e  1 9 .  The shock p a t t e r n s  observed f r o m t h e s e  
photographs a r e  t h e  same as those  obta ined  during t h e  c o n t r o l l e d  separa- 
t i o n  t e s t s .  It was apparent  from t h e  f i lms  t h a t  a l l  t h e  r e l e a s e d  boost-  
e r s  moved downstream without  p i t c h  o r  v e r t i c a l  displacement .  
mounted i n  t h e  v e r t i c a l  p lane  a l s o  showed no measurable yaw o r  l a t e r a l  
displacement. From t iming  marks on t h e  photographic film and t h e  g r i d  
l i n e s  on each photograph, it was poss ib l e  t o  det,ermine t h e  sepa ra t ion  
r a t e s  of t h e  boos te r .  

Cameras 

Rates of s epa ra t ion  were measured f o r  two conf igu ra t ions :  (1) a 
12-port  i n t e r s t a g e  and ( 2 )  a blunt-cone t a r g e t  w i th  t h e  minimum s t r u c -  
t u r a l  members (or s t r u t s )  necessary  t o  a t t a c h  it t o  t h e  upper s t a g e .  A 
photograph of t h e  l a t t e r  conf igura t ion ,  which except f o r  t h e  added s t r u t s  
w a s  t h e  same as t h e  open- in te rs tage ,  b lunt -cone- ta rge t  conf igu ra t ion  of 
t h e  con t ro l l ed  sepa ra t ion  t e s t s ,  i s  shown i n  f i g u r e  3 ( b ) .  
a r a t i o n  were a l s o  c a l c u l a t e d  from boos ter  drag curves of t h e  c o n t r o l l e d  
separa t ion  t e s t s  and a r e  compared wi th  t h e  measured rates i n  f i g u r e  20 .  
Since good agreement w a s  obtained from t h e  c a l c u l a t e d  and measured sep- 
a r a t i o n  rates,  c o n t r o l l e d  sepa ra t ion  t e s t s  can be used t o  determine t h e  
s t a g i n g  c h a r a c t e r i s t i c s  of v e h i c l e s .  

Rates of sep- 

SUMMARY OF RESULTS 

Pressures and f o r c e s  encountered during s t a g e  s e p a r a t i o n  were i n -  
ves t iga t ed  f o r  var ious  boos te r  conf igura t ions  over a range of s e p a r a t i o n  
d is tance .  Tes ts  were conducted a t  a Mach number of 3.5 and p res su re  a l -  
t i t u d e s  of 145,003 and 103,000 f e e t .  Cold a i r  a t  chamber pressures  up 
t o  600 pounds pe r  square inch  abso lu te  w a s  used t o  s imula te  t h e  upper- 
s t a g e  rocket exhaust .  The fol lowing resul ts  were obta ined:  

, 

1. With t h e  upper-stage engine ope ra t ing  p r i o r  t o  s t ag ing ,  s epa ra t ed  
f low engulfed t h e  e n t i r e  upper s t a g e  a t  an  a l t i t u d e  of 145,000 f e e t .  
t h e  lower a l t i t u d e ,  t h e  reg ion  of s epa ra t ed  f low was less ex tens ive .  

A t  
I 

2 .  A s  a r e s u l t  of t h i s  s epa ra t ed  flow, no l a r g e  moments were induced 
on t h e  upper s t age .  With t h e  upper s t a g e  a t  00 ang le  of a t t a c k  and t h e  
boos te r  d i sp laced  0 .4  upper-stage diameters  and s e p a r a t i n g  a t  5O angle  of 
a t t a c k ,  t h e  l a r g e s t  measured d e s t a b i l i z i n g  moment was 0.4. 

3. Large reduct ions  of upper-stage base  p re s su re  were obta ined  by 
enlarging t h e  in t e r s t age -por t  area. A l s o  s i g n i f i c a n t  reduct ions  were 



obta ined  when t h e  number of p o r t s  was increased  from 4 t o  1 2  whi le  t o t a l  
p o r t  area remained cons tan t .  

4. Separa t ion  of f low i n s i d e  t h e  upper-stage nozzle  could be in -  
duced by i n s u f f i c i e n t  i n t e r s t age -por t  a r ea .  
z l e  s e p a r a t i o n  was symmetrical. 

I n  a l l  in s t ances ,  t h e  noz- 

5. With t h e  requirement t h a t  the upper-stage engine ope ra t e  without 
nozzle  flow sepa ra t ion ,  i nc reas ing  t h e  number of i n t e r s t a g e  p o r t s  per-  
mit ted t h e  p o r t  area t o  be reduced wi th  a concomitant decrease i n  i n t e r -  
s t a g e  l eng th .  
t h i n  connecting s t r u c t u r a l  members r e s u l t e d  i n  a n  i n t e r s t a g e  of minimum 
leng th ,  i n  t h a t  opera t ion  was f e a s i b l e  wi th  t h e  t a r g e t  l ead ing  edge a t  
t h e  exi t  plane of t h e  upper-stage nozzle. 

Complete removal of a l l  i n t e r s t a g e  material except  f o r  

6 .  Var i a t ions  of po r t  area and d i s t r i b u t i o n  d i d  not  s i g n i f i c a n t l y  
change t h e  f o r c e  experienced by t h e  boos te r  dur ing  je t -on  s t ag ing .  

7. The h ighes t  p ressure  on t h e  t a r g e t  w i t h i n  a n  i n t e r s t a g e  were ob- 
t a i n e d  f o r  t h e  l a r g e r  p o r t  area in t e r s t ages .  Maximum t a r g e t  p re s su re  
d i d  not  occur a t  t h e  minimuln separa t ion  d i s t a n c e ,  b u t  were a s s o c i a t e d  
wi th  a change i n  t h e  nozzle  f low pa t t e rn .  

8. No d iscernable  moments were imparted t o  any of t h e  boos te r s  re- 
l e a s e d  during t h e  dynamic tes ts .  
measured rates of s epa ra t ion  and those  c a l c u l a t e d  from f o r c e  measurements 
of t h e  c o n t r o l l e d  sepa ra t ion  tes ts .  

Good agreement was obta ined  between 

9 .  The nozzle  type  ( o r  contour)  used on t h e  upper-stage engine had 
cons iderable  e f f e c t  on bo th  t h e  i n t e r s t a g e  f low and t h e  nozz le  flow- 
s e p a r a t i o n  c h a r a c t e r i s t i c s ,  

Lewis Research Center 
Nat iona l  Aeronautics and Space Adminis t ra t ion 

Cleveland, Ohio, J u l y  18, 1962 
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L 1 

Nozzle-chamber total pressure, lb/sq in. abs: 60C 
Separation distance, x/d: 0.025 
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C-61003 

15 0 
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(a) Altitude, 103,000 feet. 

Figure 5. - Schlieren photographs of 1.5-diameter-ratio booster. 
Interstage-port-area ratio, 3.9. 
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Nozzle-chamber t o t a l  pressure, lb/sq in .  abs: 600 
Separation distance, x/d: 0.2 

600 
0.8 

300 
0.2 

300 
0.8 

C-61004 

150 
0.2 

(b) Alt i tude,  145,000 f e e t .  

Figure 5. - Concluded. Schl ieren photographs of 1.5-diameter-ratio 
booster. Inters tage-port-area r a t i o ,  3.9. 
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cc Nozzle 
chamber 
pres sure, 

lb/sq in. abs 
pc , 

0 600 
0 300 

15 0 
Jet off A 

100 0 

2 3 4 
Interstage-port-area ratio, 

'p/Ae 

(a) Variation of port area. 
Number of interstage 
ports, 4. 

> 

4 8 1: 
Number of inter- 
stage ports 

(b) Variation of nm- 
ber of interstage 
ports. Interstage- 
port-area ratio, 
2.02. 

Figure 7. - Effect of interstage port configurations 
on upper-stage base pressure. 1.5-Diameter-ratio 
booster; separation distance, x/d = 0.025. 
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---- Open Blunt cone A 
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Separation distance, x/d 

Figure 8. - Variation of upper-stage base pressure with separa- 
tion distance. 1.5-Diameter-ratio booster; chamber pressure, 
600 pounds per square inch absolute. 
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(a) Jet-off staging. 
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(b) Jet-on staging. Chamber pressure, 600 pounds 
per square inch absolute. 

Figure 9. - Effect of booster diameter on upper-stage 
base pressure (12-port interstage). 
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Figure ll. - Nozzle-pressure distributions. 
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Interstage-port-area ratio, %/Ae 

(a) Variation of interstage-port area. 

- 
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.2 
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Number of interstage ports 

(b) Variation of number of interstage ports; 1.5-diameter-ratio booster. 

Figure 12. - Effect of interstage configuration on nozzle separation. 
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" 
(a) Separation distance, 
x/d = 0.025. 
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(b) Separation distance, 
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Target-surface-location, r/re 

(c) Separation distance, (d) Separation distance, 
x/d = 1.6. x/d = 3.2 

Figure 13. - Pressure profiles on blunt-cone target within interstage 
configuration. 1.5-Diameter-ratio booster; number of interstage 
p o r t s ,  4; interstage-port-area ratio, 2.02. 
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(a) Variation of interstage-port area. (b) Variation of number of interstage 
Number of interstage ports, 4. ports. Interstage-port-area ratio, 

2.02. 

Figure 15. - Effect of interstage configuration on peak target pressures. 1.5- 
Diameter-ratio booster; chamber pressure, 600 pounds per square inch absolute. 
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( a )  1.5-Diameter-ratio booster. 

Figure 16. - Booster drag. 
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(b) 1-Diameter-ratio booster. 

Figure 16. - Continued. Booster drag. 
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(c) 2-Diameter-ratio booster. 

Figure 16. - Concluded. Booster drag. 
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(a )  Blunt - #  cone t a r g e t .  
Separat ion d i s t ance ,  
x/d = 0.09. 

C - 61006 
( b )  F l a t  t a r g e t .  
Separa t ion  d i s t ance ,  
x/d = 0.29. 

F igure  17 .  - Schl ie ren  photographs of  j e t  impingement on 1.5 
d iameter - ra t io  boos te r ,  open-inters tage conf igura t ions .  
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Separation distance,  x/d : o 
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Figure 19.  - Separation of 1.5-diameter-ratio booster.  Chamber pressure,  
600 pounds per square inch absolute.  
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